Accurate perception of guidance cues is crucial for axonal pathfinding. During their initial navigation in the spinal cord, commissural axons are kept insensitive to midline repellents.
Introduction
In a broad range of biological contexts, cells are exposed to a complex array of environmental cues from which they receive specific instructions. This is well exemplified by the model of axon responses to guidance cues during the formation of neuronal circuits. Axons navigate highly diverse environments to reach their targets. Unique trajectories emerge from the perception by axon tips, the growth cones, of combinations of extracellular cues exposed in choice points along the paths. A typical case is provided by commissural neurons, which must project their axons across the midline to build with contralateral target cells circuits integrating left and right neuronal activities (Evans and Bashaw, 2010; Pignata et al., 2016; Stoeckli, 2018) .
Midline crossing of commissural axons in the floor plate (FP) of the developing spinal cord has been extensively worked out to explore axon guidance mechanisms, especially those regulating growth cone sensitivity to guidance cues. Various repulsive forces provided by proteins of the Slit and Semaphorin families are needed to prevent midline re-crossing and expel the axons away towards their next step. They are also thought to control the lateral position relative to the FP that commissural axons take to navigate their rostrally-oriented longitudinal path after the crossing (Long et al., 2004; Jaworski et al., 2010) . Semaphorin3B (Sema3B) acting via Neuropilin2 (Nrp2)-PlxnA1 receptor complex, N-terminal and C-terminal Slit fragments resulting from Slit processing acting respectively via Roundabout (Robo)1/2 and PlexinA1 (PlxnA1) receptors are guidance cues all found expressed in the FP and playing instructive roles during commissural axon navigation (Zou et al., 2000; Long et al., 2004; Jaworski et al., 2010; Nawabi et al., 2010; Delloye-Bourgeois et al., 2015) .
Manipulations of Semaphorin and Slit repulsive signaling in mouse and chicken embryo models brought the view that the sensitivity of commissural axons to midline repellents must be silenced in a first step, prior to the crossing, and switched on in a second step to allow repulsive forces to set a midline barrier and expel the growth cones away. Consistently, manipulations presumably inducing premature sensitization or preventing it resulted in failure of FP crossing, with axons arrested before or within the FP, turning back or longitudinally before reaching the contralateral side (Chen et al., 2008; Nawabi et al., 2010) . Noteworthy, the FP navigation is not a synchronous process. For example, it extends over several days in the mouse embryo, from the first axon wave of earliest-born commissural neurons at E9.5 to the latest one at E12.5 (Wilson et al., 2008; Pignata et al., 2016) . The repellents are expressed in the FP over the entire period of commissural navigation (Pignata et al., 2016) . Thus, independently from the ligand expression profiles, the switch towards sensitivity upon crossing has to be set at individual growth cone level. Whether the sensitization of commissural axons to the various repellents they encounter in the FP occurs in synchrony, or rather presents signaling-specific features is unknown. Also, whether repulsive guidance receptors distribute homogeneously or present spatial specificities at the growth cone surface is undetermined. Insights are still scarce essentially due to the deficit of experimental paradigms giving access to molecular events in single living commissural axons navigating in their native context.
We postulated that functional engagement of midline repellents could arise from peculiar dynamics of guidance receptors at the surface of navigating growth cones. To address this hypothesis, we investigated the cell surface dynamics of four receptors mediating repulsion by midline cues, Nrp2, PlxnA1, Robo1 and Robo2, in chick and mouse embryo models. Surprisingly, we found striking differences between Robo1 and Robo2 temporal patterns, which excludes Robo2 as a mediator of Slit repulsion during FP crossing but places it as a major player of the lateral funiculus navigation. Our study also revealed exquisite specificities of PlxnA1 and Robo1 dynamics. Both receptors are not only sorted at different timing of FP navigation but also are distributed in distinct domains of the growth cones. This spatial and temporal compartmentalization is achieved at post-translational and post-intra-axonal trafficking levels, specifically at the step of membrane delivery in the growth cones. Analysis of the dynamics of PlxnA1-Robo1 chimeric receptors demonstrated that the intracellular domain of PlxnA1 but not that of Robo1, is sufficient for coding the receptor-specific temporal pattern. Finally, FRAP analysis in growth cones navigating the FP further confirmed dynamics specificities of these two receptors. Our study thus revealed remarkably unique spatial and temporal sequences of cell surface sorting of guidance receptors during the navigation of spinal commissural axons. This mechanism enables the growth cones to discriminate in time and space coincident guidance signals and provides a basis for these cues to exert non-redundant and concerted actions.
Results

Development of an experimental paradigm to visualize cell surface receptor dynamics in navigating commissural axons
We setup time lapse imaging to monitor the cell surface dynamics of Semaphorin and Slit receptors in commissural axons navigating the FP in native spinal cords of chicken embryos. Nrp2, PlxnA1, Robo1 and Robo2 receptors were fused to the pH-sensitive GFP, pHLuorin (pHLuo), whose fluorescence at neutral pH enables to report membrane protein pools and cloned in vectors with ires-mb-tomato (Fig. 1a) (Jacob et al., 2005; Nawabi et al., 2010; Delloye-Bourgeois et al., 2014) . The pH-dependency of receptor fluorescence was verified by in vitro cell-line transfections (Supplementary Fig. 1a ) (Delloye-Bourgeois et al., 2014) . The vectors were then transferred to spinal cord commissural neurons using in ovo neural tube electroporation (Fig. 1b) . Then, isolated spinal cords were dorsally opened and imaged over several hours for mapping the receptor cell surface sorting reported by pHLuo fluorescence.
The FP entry and exit limits were delineated using DIC channel or based on the observation of some typical features of axon trajectory, such as the presence of wrinkles when axons enter the FP and the rostral turning when axons exit the FP (Supplementary Fig. 1b ).
PlxnA1 and Robo1 are specifically and successively sorted to the growth cone surface during FP navigation Using our setup, we analyzed individual growth cone trajectories from time-lapse sequences.
We plotted the position of the growth cones that turned on the pHLuo fluorescence to build cartographies of receptor cell surface sorting positions along the navigation. First, we observed that Nrp2 is exposed at the commissural growth cone surface from the pre-crossing stage and remains over entire FP crossing (Fig. 1c,f,h,i; Supplementary Movie 1,2) . In contrast, we found that the membrane sorting of both PlxnA1 and Robo1 specifically occurs during FP navigation. Interestingly, the timing of their sorting significantly differed. PlxnA1 was addressed to the surface when commissural growth cones navigate the first half of the FP, thus from the FP entry point to the midline (Fig. 1d,g ,h,i; Supplementary Movie 3,4), while Robo1 was sorted during the navigation of the second FP half, from the midline to the FP exit point (Fig. 1e,g ,h,i; Supplementary Movie 5,6).
PlxnA1 and Robo1 temporal patterns are set by control of cell surface sorting
Next, we assessed whether these temporal patterns are profiled by control of receptor cell surface sorting or rather by control of protein availability within the axon. Spinal cord open books were fixed with paraformaldehyde (PFA) at neutral pH to detect the total pHLuo receptor pool. While in live axons pHLuo signal was found restricted to the growth cones during FP crossing, we observed in contrast for both receptors that the total pools had much broader distribution than the surface ones. In 90% of the cases for PlxnA1 and 75% for Robo1, the precrossing axon segment immediately adjacent to the FP entry of growth cones that were found to navigate within the FP, contained pHLuo-receptors (Fig. 2a,b) . We also measured pHLuo + pre-crossing segment length in the fixed samples and found significant difference between PlxnA1 and Robo1, the latter having more restricted length and punctate pattern than the first one (Fig. 2c) . These observations are consistent with previous works that reported in cultured commissural neurons Robo1 intra-axonal vesicular trafficking (Philipp et al., 2012) and PlxnA1 processed within axons to prevent its membrane expression (Nawabi et al., 2010) . Thus, PlxnA1 and Robo1 are available within commissural axons and their cell surface sorting is spatially and temporally controlled in a receptor-specific manner.
We found in previous work that medium conditioned by cultured isolated FP tissues (FP cm ) could trigger PlxnA1 cell surface expression (Nawabi et al., 2010) . Such medium was also reported to induce in commissural growth cones Robo3.2, the Robo3 isoform expressed in postcrossing axons (Colak et al., 2013) , providing the evidence that local signals emanating from the FP are implicated in synchronizing the sorting of these receptors with midline crossing.
How is triggered the sorting of Robo1 is yet unknown. We thus examined whether it could also be under local FP control. We treated dorsal spinal cord explants electroporated with pHLuoRobo1-ires-mb-tomato with FP cm and ctrl medium and recorded Robo1 dynamics by measuring pHLuo fluorescence in the growth cones at T0 and T1, 20 min later (Fig. 2d) . We observed a significant increase of pHLuo fluorescence at T1 compared to T0 for the FP cm but not the control condition (Fig. 2e,f) , thus indicating that FP cells release cues triggering Robo1 at the growth cone surface.
Next, we assessed whether disturbing the temporal pattern of receptor sorting impacts on growth cone behaviors. Open-books were electroporated with high concentration of vectors (3µg/µl and 4µg/µl) to overcome the internal control of PlxnA1 and Robo1 surface sorting in commissural neurons and create premature surface expressions. We monitored individual growth cones and found that commissural growth cones having premature cell surface receptor exposure failed to cross the FP, rather turning or stalling before or within the FP (Supplementary Fig. 2 ; Supplementary Movie 7,8). These findings indicated that pHLuoreceptors are functional and confirmed that the temporal pattern of receptor sorting is critical for proper FP navigation.
Next, we asked whether the gain of PlxnA1 and Robo1 at the surface could be correlated with acquisition of novel behavioral properties of the navigating growth cones. To address this question, we analyzed in time-lapse movies growth cone trajectories at time-points preceding and succeeding the pHLuo flashes, by measuring the deviation angles of growth cone direction from the trajectory baseline (Fig. 2g) . Interestingly for Robo1, we observed that acquisition of surface receptor was coincident with a significant increase of exploratory behavior along the rostro-caudal axis as if the growth cones were starting sensing cues that will direct their longitudinal turning at the FP exit. In contrast, we found no difference of exploration for PlxnA1 (Fig. 2g,h,i) .
Robo2 is sorted not in the FP but in the post-crossing lateral funiculus
Next, we investigated the dynamics of Robo2. In sharp contrast with Robo1, we found that Robo2 was absent from the surface of commissural growth cones navigating the FP and turning longitudinally at medial position in the ventral funiculus (VF). Instead, we observed that it was specifically sorted in post-crossing axons that chose to navigate in the lateral funiculus and turned longitudinally to the FP (LF) (Fig. 3a, b,c; Supplementary Movie 9,10). To assess if
Robo2 cell surface sorting correlates with this change of trajectory, we measured the angle formed by a vector aligned along the axon tip and the FP axis at the two time points framing Robo2 pHLuo flash. Interestingly, we found that the angle was significantly more pronounced at post-flash time points compared with pre-flash ones, supporting that Robo2 sorting contributes to directional growth cone changes along the longitudinal axis (Fig. 3d,e) . Thus interestingly, signaling by Robo1 and Robo2 appear to have similar outcome on growth cone behaviors, that they control at two different time points of commissural navigation.
The temporal sequence of receptor sorting is conserved in the mouse
Next, we studied whether the temporal control of receptor sorting during FP navigation uncovered in the chicken embryo is conserved in the mouse and whether it also instructs growth cone guidance choices. We electroporated pHLuo-PlxnA1 and pHLuo-Robo1 constructs in the developing spinal cord of E12 wild-type mouse embryos. We plotted the position of fluorescent growth cones in living open-books at fixed time point, 48 hours post-electroporation, when many FP crossing are ongoing, as depicted by the distribution of mb-tomato + growth cones (Fig. 4c,d ). In pHLuo-PlxnA1 electroporated spinal cords, growth cones exposing the pHLuo were distributed almost homogenously in all FP and post-crossing compartments (Fig. 4a,b,c) whereas in the pHLuo-Robo1 electroporated littermates, most of the growth cones exposing Robo1 were situated between the midline and FP exit (Fig4. a,d,e) . Therefore, the spatial and temporal cell surface pattern of PlxnA1 and Robo1 observed in chick spinal cord is conserved in mice (Fig. 4e) .
We then electroporated pHLuo-Robo1 construct in Robo1/2 -/-open books to determine whether reducing Robo1 dose by removal of the endogenous pool results in a modified Robo1 temporal pattern. We found that the profile of receptor sorting was identical to that observed after electroporation of Robo1/2 +/+ embryos (Fig. 4f,g,h) . Thus, our experimental conditions of expression are likely to model the dynamics of endogenous receptor. This result also established that Robo1 sorting at the plasma membrane is Robo2 independent.
Next, we investigated whether the re-expression of pHLuo-Robo1 in Robo1/2 -/-mice could rescue the previously reported stalling phenotypes resulting from Robo1/2 deletion (Long et al., 2004; Delloye-Bourgeois et al., 2015) . We analyzed the distribution of mb-tomato + growth cones over pre-to post-crossing steps, distinguishing growth cones that exposed Robo1 at their surface (mb-tomato + pHLuo + ) from those that did not (mb-tomato + pHLuo -) in Robo1/2 +/+ and Robo1/2 -/-embryos. We observed that Robo1/2 loss resulted in significantly shifted distribution of mb-tomato + pHLuo -towards the first FP half (Fig. 4i,j) . Interestingly, the expression of Robo1 at the growth cone surface was sufficient to rescue the distribution observed in the WT condition, as observed by the matching of the distribution of mb-tomato + pHLuo + growth cones in Robo1/2 -/-and Robo1/2 +/+ embryos ( Fig. 4k) . Thus, re-expression of Robo1 coding sequence in commissural neurons and subsequent cell surface exposure at a time when the growth cone navigates the second half of the FP is sufficient to rescue proper navigation. Moreover, and consistent with its observed temporal sorting profile, Robo2 is dispensable for FP crossing and Robo1 surface exposure. Thus, this supports that this temporal profile properly reports the dynamics of endogenous Robo1 receptor.
PlxnA1 and Robo1 are partitioned at the growth cone surface
Next, we used super resolution microscopy to assess whether Robo1 and PlxnA1, on top of the different timing at which they are sorted during FP crossing, also differ in their spatial distribution at the growth cone surface. Living open-books were incubated with ATTO-647N-conjugated GFP nanobodies to label cell surface pHLuo. After fixation, receptor pools were imaged in commissural growth cones at different steps of their FP navigation, using STED microscopy ( Fig. 5a ). First, we measured the density of the fluorescent signal in individual growth cones. We found that PlxnA1 and Robo1 receptor clusters have differential cell surface distributions, PlxnA1 predominantly accumulating at the growth cone front, and Robo1 at the rear ( Fig. 5b,c,d ). This was also confirmed by determining the center of mass of the signals, which segregated along the growth cone front-rear axis (Fig. 5e) . Second, we studied whether the distribution patterns of PlxnA1 and Robo1 vary over FP navigation. According to their temporal sorting, we compared PlxnA1 distributions between FP entry and exit, and those of Robo1 between midline and exit. Analysis of the number and the size of labelled individual particles revealed modifications of Robo1 but not PlxnA1 patterns ( Fig. 5f,g ). Although not differing in their numbers, the size of pHLuo-Robo1 + particles increased from the midline to the exit, indicative of Robo1 diffusion at the surface (Fig. 5g) .
We next investigated whether such compartmentalization is generated at the surface or rather which then reports membrane insertion events (Ashby et al, 2004) . To specifically assess the dynamics of membrane insertion of PlxnA1 and Robo1, the pHLuo-receptor fluorescence in an area of 15 to 20µm 2 covering the entire growth cone surface was bleached at 80-90% (see methods) ( Fig. 6f,g ). As expected from this paradigm, at short 100 and 200 seconds time points, contribution of lateral membrane diffusion was negligible for both receptors, with a fluorescence recovery representing less than 0.5% of the initial fluorescence (Fig. 6h ).
Interestingly over a period of 17 minutes, we observed that Robo1 recovery was modest, rapidly reaching a plateau at around 17% of the initial fluorescence level. In contrast, the recovery level of PlxnA1 was significantly higher ( 
PlxnA1 but not Robo1 intracellular domain encodes receptor temporal patterns
Lastly, we investigated how could be dictated the specific timing of cell surface PlxnA1 and Robo1 sorting when commissural growth cones get exposed to local FP cues. We thought to construct chimeric receptors in which the extracellular (ECD) and intracellular domains (ICD)
were swapped (Fig. 7a) . pHLuo-PlxnA1 ECD -Robo1 ICD and pHLuo-Robo1 ECD -PlxnA1 ICD were introduced in the neural tube of chicken embryos and the position of growth cones that turned on the pHLuo fluorescence was plotted to build cartographies of receptor cell surface sorting.
We found that the specific temporal profile of PlxnA1 sorting at the FP entry was preserved in context where the chimeric receptor contains PlxnA1 ICD but not ECD (Fig. 7b,c, 
Discussion
During neural circuit wiring, focal and timed patterns of signaling are thought to be crucial for the specification of axonal trajectories but are yet highly challenging to visualize since this requires complex experimental paradigms preserving the topography of guidance molecules and their proper perception by the growth cones. Our live imaging and STED microscopy setup thus pave the way to access the temporal and spatial resolution of signaling activities in neuronal growth cones facing guidance decisions in their physiological navigation environment. We report here that beyond their synthesis and trafficking to the axon, guidance receptors are exposed at the surface of the growth cones at precise timing and location. During commissural axon navigation, these receptor-specific cell surface codes can thus shape spatially and temporally distinct signaling from coincident midline cues, allowing their concerted action.
Such a dynamic regulation of receptor equipment at the cell surface might be exploited in a variety of biological processes during which cells must adapt their perception of extracellular cues in a context-dependent manner. Particularly, accommodating fast and flexible perception of extracellular signals is indeed a prerequisite for cells which, as the axons do so, migrate along highly stereotyped and long-distance pathways, getting exposed to fluctuating combinations of guidance cues (Te Boekhorst et al., 2016) .
In the context of commissural axon navigation, our results bring new insights and directions for further investigation of the functional outcome resulting from the different receptor-mediated signaling. Our data report a temporal sequence of Nrp2, PlxnA1, Robo1 and Robo2 surface sorting, which equip commissural growth cones at successive steps of their navigation.
PlxnA1/Nrp2-mediated Sema3B and PlxnA1-mediated SlitC activities can thus be switched on from the FP entry, while Robo1-mediated SlitN signaling might start after the midline, and The front-rear partitioning of PlxnA1 and Robo1 receptors also provides some clues into the mode of action of their respective ligands. Such compartmentalization correlates with the spatial organization of growth cone cytoskeletal components and could serve as a mechanism for generating focal signaling onto different cytoskeletal components. Indeed, growth cone responses to guidance cues rely on regulations of the dynamics of both microtubule and actin cytoskeleton, which physically mainly occupy the central and the filopodia-rich peripheral domains, respectively (Cammarata et al., 2016; Kahn and Baas, 2016) .
Finally, our findings that the membrane sorting of Robo1 and Robo2 coincides with changes of growth cone behaviors, that are activated at different time points of their navigation, strengthen the view that temporally controlling the availability of the receptors at the growth cone surface is a general mechanism to accommodate the growth cones to novel guidance challenges.
These findings also highlight unexpected differences between Robo receptors. Despite In the mouse, Robo1 but not Robo2 deletion alters FP crossing. Nevertheless, double Robo deletion was reported to aggravate the impact of Robo1 invalidation (Jaworski et al., 2010) . In contrast, specifically in Robo2 -/-embryos, commissural axons failed to reach the lateral funiculus, consistent with reported Robo2 enrichment in post-crossing lateral axon segments (Long et al., 2004) . Dominant-negative based approach to abrogate Robo signaling in the chick embryo also resulted in alteration of the post-crossing lateral navigation (Reeber et al., 2008) .
In Overall, we uncovered at different choice points strong and specific regulations of membrane sorting for three major guidance receptors known to contribute to the pathfinding of multiple neuronal tracts (Jongbloets and Pasterkamp, 2014; Blockus and Chédotal, 2016 and comparing the timing of fluorescence recovery revealed striking differences between Robo1 and PlxnA1 dynamics. This might reflect differences in protein availability in the growth cone, which could be set through translational and post-translational protein regulations as well as through distinct protein trafficking pathways. Robo1 sorting from intracellular vesicles was reported to occur through up-regulation of RabGDI (Philipp et al., 2015) . It would be interesting to determine whether Robo1 temporal pattern is conditioned by the assembly of functional membrane delivery machinery. Control of Robo1 receptor pool in commissural neurons was also recently reported to occur via microRNA-mediated regulation of Robo1 synthesis (Yang et al., 2018) . This regulation is unlikely responsible for specifying the timing of surface sorting since our expression vectors do not encode the regulatory sequences underlying microRNA regulation. We previously reported that regulation of PlxnA1 sorting depends on processing by calpains, with integral but not cleaved PlxnA1 undergoing cell surface sorting (Nawabi et al., 2010; Charoy et al., 2012) . Processing suppression resulting from calpain inhibition, which we found to occur when commissural axons get exposed to local FP signals, would allow fast membrane insertion of integral PlxnA1, which is consistent with our findings from FRAP experiments.
Our analysis of the total and membrane receptor pools in STED microscopy also suggests that the sorting mechanism not only controls the timing of membrane availability of the receptors but also their spatial distribution at the growth cone surface. Such membrane compartmentalization could emerge from polarized receptor delivery or rather through rearrangements at the membrane through selective retention or retrieval.
Overall, our study suggests that the generation of specific temporal sequences of receptor cell surface sorting represent a mechanism whereby commissural growth cones discriminate simultaneous signals functionalizing them at precise timing during spinal cord navigation.
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